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ABSTRACT. Deletion mutants of human apolipoprotein A-I (apo hA-1) have been produced from a bacterial
expression system to explore the function of the specific domains comprising resie@s11-65, 88—

98, and 187243, respectively, in the lipid-free conformation and in the lipid-binding mechanism of apo
hA-I. Initial studies on apa\(1—43)A-1 and apoA(187—243)A-I have already been reported. To aid
purification of these mutants, a histidine-containing N-terminal extension was incorporealés); (in

cases where comparison with theh(s) construct was possible, little effect on the physical properties
due to the {his) extension was found. All mutants have folded structures in their lipid-free state, however
these structures differ widely in their relative thermodynamic stability and extent of secondary structure.
The mutant with the fewest residues deleted, A®8—98)A-I(+his), has the least secondary structure
(only 34% helix) and is also the least stabdd3 = 2.9 kcal/mol). Determined from sedimentation velocity
measurements on the lipid-free proteins, all but agb—65)A-1(+his) exhibited a range of conformers

in solution, which fluctuated around a highly elongated species (dimensions equél4e16) x ~2.3

nm). ApoA(1—65)A-I(+his) exhibited a discrete species which was less asymmetric (dimensions equal
to 9 x 2.9 nm). ApoA(88—98)A-I(+his) showed extreme heterogeneity with no predominating conformer.
Spectroscopic studies (ANS binding and circular dichroism) indicate that there is little difference in the
lipid-free structure of the carboxy-terminal deletion mutant, Apb87—243)A-I(+-his) compared to wild-

type (wt) apo wtA-1¢his), but substantial differences are observed between wt and the amino-terminal
deletion mutants, apa(1—43)A-I, apo A(1—65)A-I(+his), and apaA(88—98)A-I(+his). In contrast,

the lipid-binding properties are impaired for apd187—243)A-I(xhis), as measured by dimyristoyl
phosphatidylcholine (DMPC) liposome turbidity clearance kinetics and palmitoyloleoyl phosphatidylcholine
(POPC) equilibrium binding. Ap&A(1—43)A-1, apo A(1—65)A-I(+his), and apaA(88—98)A-I(+his)

show lipid affinities statistically similar to apo wtA-khis), but significantly defective DMPC clearance
kinetics. Interestingly, lecithin:cholesterol acyltransferase (LCAT) activation results correlate qualitatively
with the lipid-binding affinity for all mutants but apA(88—98)A-I(+his), suggesting that this mutant
has an altered and possibly noncooperative lipid-bound structure as well as an altered lipid-free structure.
These results suggest helix 1 (residues-@8) and helix 10 (residues 22@40) are both required for
native lipid-binding properties, while the presence of internal residues, at least helix 3 (resiei83),88

is essential for proper folding of both the lipid-free and lipid-bound conformations. Importantly, studies
on apoA(88—98)A-I(+his) provide the first experimental evidence that a native-like structure is not
necessary for native-like lipid affinity, but apparently is necessary for both DMPC solubilization and
LCAT activation. These results provide support for a hypothetical, multistep structure-based mechanism
for apo hA-I lipid binding.

Apolipoprotein (apo) A-l1 is the major protein of high series of highly homologous 11-mer and 22-mer amphipathic
density lipoprotein (HDL), comprising about 70% of the total a-helices, helices110 (reviewed in refl). Through largely
HDL proteins. Human apo A-l (apo hAl)s a 243 amino
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unknown mechanisms, this unique structure endows apo hA-Ifacilitating lipid binding has been investigated through

with remarkably diverse functions. Structural studies of apo
hA-I (reviewed in ref2) have been motivated by the need

to understand the molecular events governing lipid metabo-

lism and cholesterol homeostasis (reviewed in Bé1d4)
and also by the clinical importance of HDL (reviewed in
refs5and6). HDL, quantified by its cholesterol or apo hA-I

several deletion mutants involving residues9B (Figure

5). In this paper, the lipid-free structures and lipid-binding
properties of these mutants have been compared with the
previously described mutants, apg(1—43)A-1 and apo
A(187—243)A-I (25, 26). The present study demonstrates
that the region defined by residues-48 is critical for

content, is the best single predictor of coronary artery diseasemaintaining and stabilizing the lipid-free structure of apo

Accumulated in vitro and in vivo experimental evidence

hA-l. In addition, the data from these mutants provides

suggests that the negative correlation between HDL levelsfurther information on the lipid-binding mechanism previ-

and the incidence of CAD is due to the role of HDL and
apo hA-Il in “reverse cholesterol transpor8, (/). Reverse

ously proposed26).

cholesterol transport can be broken down into three stepsEXPERIMENTAL PROCEDURES

that are exclusively assigned to HDL and, for the most part,
apo hA-I function: cholesterol efflux from peripheral tissue,
LCAT esterification of HDL-associated cholesterol, and
receptor-mediated delivery of cholesterol ester to the liver.

Apo hA-I has also been shown to possess antiinflammatory

(8, 9), antiviral (10, 11), and antibacterial propertie2).
Mutagenesis has proven to be a powerful tool for studying

apo hA-1 13—26). This approach has been used to identify

particular regions involved in lipid and receptor bindidg-{

20) and LCAT activation 17, 18, 20—23). These studies

have also sought to elucidate the lipid-bound structure of

apo hA-1 on discoidal rHDL particledl, 20, 24). We have

Preparation of Human Apo hA-IHuman apo hA-1 (apo
hA-I) in the methionine-reduced stateg) was purified by
the method of Hughes et al29), as previously described
(25). The purified protein was stored lyophilized a20
°C. The lyophilized protein was solubilized as needed in 8
M guanidine hydrochloride in PBS (0.02 M phosphate, and
0.15 M NaCl, pH 7.4) containing 0.02% NaNand 1 mM
EDTA, and subsequently dialyzed against the same buffer.
An extinction coefficient of 1.13 mL/(mgm) at 280 nm
was used to determine apo hA-lI concentration in 8 M
guanidine hydrochloride3Q).

used this approach to examine the lipid-free structure of apo  Construction of cDNA for Expression of Apo hA-I Mutants.

hA-I and to better understand the mechanism by which it
binds to lipid using a variety of biochemical and structural
techniques comparing native apo hA-I to mutant proteins
wherein deletions of the amino-terminal 43 residues [apo
A(1—43)A-1] or the carboxy-terminal 57 residues [apo

A(187—243A-1] have been mad@4—26). From these and

The apo hA-l1 cDNA that encodes the prepropeptide form
of apo hA-I 81) was cloned into the plasmid pGEMEX
(Promega, Madison, WI) with the prepro coding region
removed as described previousBb). To ease purification,
a histidine tag, consisting of six consecutive histidines, and
a Factor Xa cleavage site (New England BiolLabs) were

other studies, we have proposed a model for lipid-free apo added to the amino-terminus of the apo hA-1 cDNA as

hA-I (Figure 6), represented by an elongated, antiparallel
helical hairpin with dimensions of approximately 16 nm
2.2 nm, which exists in a dynamic equilibrium with a more
compact four helix bundle2g, 27). These studies have also

described elsewhere26). Single-stranded DNA of this
modified plasmid was prepared using standard methg@js (
and used for site-directed mutagenes83)(using the
oligonucleotides 5SCCATCACATCGAAGGTCGTCCTGT-

led us to propose that the extreme amino-terminus of apo GACCCAGG-3 (sense strand) and-BGCAGGAGAT-

hA-I regulates a conformational switch, by protecting a latent
lipid-binding domain which becomes exposed only after the
initial association of the carboxy-terminal domain with lipid
(25).

To further explore the structural characteristics of lipid-
free apo hA-I, the role of the amino-terminal residues in
stabilizing the solution structure of the protein and in
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1 Abbreviations: +his, 6x-histidine tag; ANS, 1-anilinonaphthalene-
8-sulfonate; apo hA-I, human apolipoprotein A-I; CAD, coronary artery
disease; CD, circular dichroism; DMPC, dimyristoyl phosphatidylcho-
line; EDTA, ethylendiaminetetraacetic acid; HDL, high density lipo-
protein; LCAT, the plasma enzyme lecithin:cholesterol acyltransferase;

GAGCCCCTACCTGGACG-3(sense strand) to delete nu-
cleotide sequences encoding residue$3, or residues 88

98, respectively. Apad\(1—43)A-I and apaA(187—243)A-I
were designed as described elsewh&® £6). Mutants
were identified by colony hybridization using the mutagenic
oligonucleotide, and the sequence was confirmed by double-
stranded DNA sequencing [United States Biochemical
(USB), Cleveland, OH]. The mutant gene product was
expressed inEscherichia coliBL21/DE3 cells 84) as
described elsewher@%). The harvested cells were resus-
pended in sterile PBS.

Purification and Characterization of Apo hA-I Mutants.
The resuspendeB. coli cell pellet was lysed by French
press. The supernatant containing the recombinant protein
was cleared of any particulate material and passed over a
buffer-equilibrated Pharmacia Hi-Trap column as recom-
mended by the manufacturer. The purified recombinant
protein was then eluted from the column using 0.5 M
imidazole. After dialysis against PBS containing 1 mM

NaNs, sodium azide; PBS; phosphate-buffered saline consisting of 0.02 EDTA or TBS (0.02 M Tris, 0.15 M NaCl, 1 mM EDTA),

M phosphate, 0.15 M sodium chloride, pH 7.4; POPC, palmitoyloleoyl
phosphatidylcholine; rHDL, reconstituted high density lipoproteins;
TBS, Tris-buffered saline containing 0.02 M Tris, pH 7.5, 0.15 M
sodium chloride and 1 mM EDTA, pH 8.0); UV, ultraviolet; vis, visible;
wt, wild-type.

the protein was checked for purity using SPBAGE and
immunoblotting and found to be greater than 95% pure. To
remove the amino-terminal histidine tagl{is), 1:50 (w/w)
Factor Xa protease:protein was added to the purified protein.



11716 Biochemistry, Vol. 37, No. 34, 1998 Rogers et al.

After cleavage, the protein mixture was passed over aconstant, and the equilibrium concentration of unbound
Pharmacia Hi-Trap column as described above. The flow apolipoprotein, respectively. The slope of the linear plot of
through from the column contained the cleaved recombinant X, versusceqis equal tok,. The binding free energy can be
protein with a native N-terminus. Amino-terminal amino calculated by eq 2. Plots of, versusceq are linear (2 >
acid sequencing of the recombinant protein verified that the 0.95) for all proteins (data not shown).
histidine tag and Factor Xa cleavage site had been removed.
Measured extinction coefficients and molecular masses AG = —RTIn(55.%)) (2)
obtained by SDSPAGE, which are in agreement with those
calculated from the amino acid composition, are shown in  Dimyristoyl Phosphatidylcholine (DMPC) Clearance.
Table 1. DMPC (20 mg/mL) was vortexed briefly at 2T in a buffer
Lecithin:Cholesterol Acyltransferase (LCAT) Purification. composed of 8.5% KBr, 0.01% sodium azide, 0.01% EDTA,
The procedure of Albers et al3%) was used with minor ~ and 0.01 M Tris, pH 7.4, as described in Pownall et28) (
modifications. Fresh, normolipidemic human plasma was DMPC (1 mL, 0.5 mg/mL) was preincubated in quartz
ultracentrifuged at 1.21 g/mL density. Following dialysis, Spectrophotometer cells (1 cm path length) in a thermostated
the LCAT-containing fraction was subjected to Affi-Gel Blue (23 °C) cell compartment of a Cary 3E UWis spectro-
chromatography and DE52 chromatography. LCAT was photometer (Varian Australia Pty. Ltd., Victoria, Australia)
eluted from the DE-52 column with a 75 to 200 mM NaCl ~ for 5 min. A 0.1 mg apolipoprotein sample was transferred
gradient. SDSPAGE showed greater than 90% purity with  to the cell containing the DMPC giving a lipid:protein ratio
no apo hA-1 contamination. of 5:1 (w/w). The rate of lipied-protein association was
LCAT Actity Assay. To assess the activity of apo hA-I  followed by monitoring the rate of clearing of lipid turbidity
proteins as cofactors for LCAT, 18y of apolipoprotein was ~ measured at 325 nm over a period of 8 h. The rate constants,
preincubated fol h at 37°C with a constant concentration K, were determined from a plot of logversus time, where
of small unilamellar vesicles of egg-derived phosphatidyl- Kiz = 1/, andty is defined as the time required for a
choline (45 nM) and unesterified cholesterol (10 nM), 50% decrease in relative turbidityA{ — Ax)/Ad].

containing a trace amount ofH]cholesterol, prepared Boundary Sedimentation Velocity Ultracentrifugatio_n of
through sonication fol h in a 23°C water bath36), along ~ Apo hA-l and Apo hA-l MutantsBoundary sedimentation
with 1 mM EDTA, 4 mM 2-mercaptoethanol and 24§ of velocity experiments were performed as described elsewhere

bovine serum albumin (pH 7.4) in a total volume of 150 (26, 39) on a Beckman model XL-A analytical ultracentri-
uL. The reaction was initiated by adding &Q of suitably ~ fuge. The protein samples used in these experiments were
diluted purified enzyme and incubating for 5 to 60 min at homogeneous solutions containing a single detectable com-
37°C. Free cholesterol and cholesteryl ester were separatedonent of known molecular mass. Boundary sedimentation
by thin-layer chromatography on silica gel using a solvent was performed using a AN60 Ti rotor at 58 000 rpm and 20
system composed of hexane/chloroform, 2:1 (v/v). Choles- °C in either a low (60 mM ammonium bicarbonate) or a
terol and cholesteryl oleate standards were visualized byhigh (TBS) ionic strength buffer. Digital acquisition of the
immersing the TLC plate in a 3% cupric acetate, 8% absorbance at 214 nm of the moving boundary was made at
phosphoric acid buffer, and then applying heat. The posi- regular time intervals.
tions of the standards were used to determine where to cut The frictional ratio of the experimentéabalue divided by
the corresponding tritiated reaction spots, which were the frictional coefficient of either an unhydratefhf) or a
subsequently added to scintillation fluid and counted on a hydrated spherefd) of identical molecular weights can be
Packard Tri Carb 4530. All reactions were done in triplicate. calculated from the following equations:

Binding of Apo hA-lI and Apo hA-I Mutants to POPC

Vesicles. The procedure of Spuhler et aB7) was followed f/f 0 = M(1 — D,0)/NS,, Bn[3MT/47N]?  (3)
as described elsewherg5j. Briefly, aliquots of apolipo-
protein ranging in concentration from 1 to /M were /i = FIF (D, + 0,1 15,)1° 4)

vortexed and subjected to six freezbbaw cycles with

buffer-hydrated POPC (9.2 mM) over 1 h, followed by wheref/f.;, andf/f, are the frictional coefficient ratios due
further vortexing. The resulting multilamellar vesicles were to the shape of the molecule if water is excluded (maximum
centrifuged at 4°C for 2 h at12000@. The equilibrium asymmetry) or included, respectiveljyl represents the
concentration of unbound apolipoprotein was determined molecular mass of the proteii; is the calculated partial
from the UV spectrum of the clear supernatant. It has beenspecific volume of the unhydrated protein (Table W)js
previously shown 37) that any possible residual lipid Avogadro’s numbery is the viscosity of waterp is the
remaining in the supernatant following centrifugation can density of waterp; is the partial specific volume of water,
be easily corrected for by performing the same experiment andI” is the water of hydration expressed in grams gOH

in the absence of apolipoprotein to determine the optical per gram of protein.I" was estimated to be 0.326, 40—
density of the resulting protein-free supernatant. The 42). From the calculated values dff,, the maximum
experimental data are best fit to a simple partition equilibrium asymmetry can be determined for a prolate ellipsoid of
according to eq 1: revolution @3) using the following equation:

Xo = K Ceq 1) F=flfy=(1—p)"p”°In{[1 + @ — pP)"Yp} (5)

where Xp, K; and ceq denote the molar ratio of bound where p= b/a = 1/p; p: is the axial ratio andr is a shape
apolipoprotein to total POPC, the equilibrium binding factor (Perrin factor). This asymmetry may be expressed
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as the axial ratiod/b) of the ellipsoid, whera is the radius f, = Kp/(1+ Kp) (8)
along the long geometric axis of revolution dmis the short
equatorial radius (Table 4). By using the following relation- f,= (Ay; — Ay)/(Ay — Ay,) 9)

ship for the molar volume of an ellipsoid:

whereAGy,o is the free-energy difference between the native
state and the unfolded state of the protein in the absence of
denaturant, [D] is the denaturant concentratio®g, is the
rate of change in free energy as a function of denaturant
concentrationAy is the experimental spectroscopic measure-
ment, andAy; and Ay, are the preunfolding and postunfold-
ing values, respectively. Equations 7 and 8 were used for
global fits after converting\fluor to f, (the fraction of protein
molecules in the unfolded state) using eq AGy,o/Mp
equals [urea],, the urea concentration at the midpoint of
the unfolding transition.Ay; and Ay, were determined by
linear regression of the first or last few data point in the
unfolding curve 25).

1-Anilinonaphthalene-8-sulfonate (ANS)-Binding Measure-
ments. ANS (Aldrich, Milwaukee, WI)-binding experiments
were carried out on solutions containing B§/mL protein
and 250uM ANS (25). In all cases, ANS was in at least
100-fold excess of the protein (mol/mol). ANS fluorescence
was measured at an excitation wavelength of 395 nm with a
5 nm slit width. Fluorescence spectra obtained were
compared to ANS in PBS alone.

Circular Dichroism Spectroscopy of Apo hA-1 and Apo
hA-l Mutants. The CD spectra were recorded with an AVIV
62DS spectropolarimeter which was standardized using a
solution of 0.1% (w/v)d-10-camphorsulfonic acid. The CD
spectra were measured every 0.5 nm with a 0.5 s averaging
per point ad a 2 nmbandwidth. A 0.01 cm path length
cell was used for far-ultraviolet (UV) spectra. Spectra were
signal averaged by adding at least five scans and corrected
by subtracting a spectrum for the buffer alone obtained in a
Bowman Series 2 fluorometer (SLM-Aminco, Rochester, lik? manner. The spec'tra were nqrmali_zed to molar residue
NY)]. Urea stock solutions (10 M) made from Ultrapure ElliPticity and the fraction ofa-helicity in the secondary
urea (Gibco BRL, Grand Island, NY) in PBS were prepared structure was estimated from the molar eII|pt|C|t|gs at 222
fresh for each experiment. The concentrations of the "M [[©]222 = (—30 300 x fy) — 2340] wherefy is the
apolipoproteins were kept constant at 0.1 mg/mL, which is faction of e-helical residues47).
below the aggregation state as assessed by Barbeau et aﬁESULTS
(42) and as determined from our current studies (unpublished
results). Protein samples were incubated with various Apo hA-l and the apo hA-I mutants purified froB coli
concentrations of urea, ranging from 0 to 4.0 M, &CAfor lysates appeared homogeneous and greater than 95% pure
at least 12 h to allow samples to reach equilibrium. (Figure 1). Between 40 and 120 mg of protein/L of growth

Fluorescence emission spectra were measured between 30fhedia was obtained. Figure 5 illustrates the regions in apo
and 400 nm using an excitation wavelength of 294 nm and hA-| that were deleted in the mutants described in this paper.
a bandwidth of 1 nm. The photomultiplier hlgh V0|tage was Factor Xa C|ea!age of Lipid_Free Histidine_Tagged Apo
kept constant during all measurements. The emission spectrdA-| Variants. An amino-terminal 6x histidine-tagthis)
were corrected by subtracting the appropriate buffer or ureayas added to the native amino acid sequence to simplify
blanks from the protein spectra. Difference spectra were thenpyrification of the mutant proteins. A Factor Xa cleavage
obtained by subtracting the protein spectra of samplessite (lle-Glu-Ser-Arg) was also engineered between the 6x
containing urea from the spectrum of the protein in buffer hjstidine-tag and the amino-terminus of the protein to allow
alone. The fluorescence difference spectiuor) were  removal of the {-his) tag. In the present studies, as well as
analyzed at their maxima which occurred between 320 andin studies by several other research groups, it is shown that
330 nm. the structure and function of apo hA-l and other constructs

Curve Fitting of Unfolding Data. The data were fitto a  are not significantly affected by the presence of an amino-
two-state unfolding model25, 46). The urea-dependent  terminal extension, for example, the four residue propeptide
equilibrium constant of unfoldingKp, for a two-state  [Phe-Trp-GIn-GIn 23, 48, 49)] and an 11 residue His-
unfolding model, can be described by eq 7: containing peptide [Met-Arg-Gly-Ser (HisMet (14, 16)].

. For apo wtA-It+-his) and apoA(187—243)A-I(+his), the
Kp = eXp[(AGHZO — mp[D]/=RT] () major (>90%) fragment after proteolytic digestion using

M(D, + I'D,) = 47N(a/b)b¥/3 (6)

wherev, andv; are the partial specific volumes of the protein
and solvent, respectively, aab is the axial ratio; the radial
dimensions of the apo hA-I monomers can be determined.
Sedimentation Velocity Analysis of Apo hA-I and Apo hA-I
Mutants. Van Holde and Weischet§) introduced a global
boundary analysis method that determines the integral
distribution of s that removes boundary spreading due to
diffusion. This method allows high resolution of sedimenting
systems composed of multiple conformational states of a
single macromolecular component (for review see4®f
UltraScan software developed by B. Demeler was used for
the van Holde-Weischet analysis of the boundary sedimenta-
tion velocity data of native and mutant apo hA-1 as described
elsewhereZ6). It can be shown that a graph sf (where
subscript n designates the selected boundary fraction)
obtained at a fixed radial value at various times vets8
describes a straight line. A trw# value can be obtained
with extrapolation to infinite time. This method of analysis
eliminates diffusion effects on boundary shape. The plots
of s,* as a function oft %5 will extrapolate to an essentially
single s0w Vvalue for a single ideal component whereas
multiple conformations for a single component will show
multiple intercepts. In the van Holde-Weischet analyses,
only the boundary region from 10 to 90% is used in order
to eliminate noise inherent in the meniscus and the plateau.
Reversible Equilibrium Unfolding by Difference Spectros-
copy. Urea-induced unfolding of lipid-free apo A-1 proteins
was monitored by fluorescence spectroscopy [Aminco-
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Ficure 1: (A) SDS-PAGE analysis of purified apo hA-I and apo
hA-I variants. Lane 1, apo hA-I; lane 2, apo wtAHlis); lane 3,
apoA(1—43)A-1; lane 4, apa\(1—65)A-I(+his); lane 5, apa\ (88—
98)A-I(+his); lane 6, apoA(187—243)A-I(+his); lane 7, apo
A(187—243)A-I; unlabeled lanes; molecular mass standards; mo-
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FiGure 2: Activation of LCAT by apo hA-lI and mutants using a
vesicular assay. The bar graph datastandard deviation) represent
the percent activation relative to apo hA-I (activatien100%).

out with the (+his) recombinant proteins. Apo hA-I and

apoA(187—243)A-1 served as<his) controls, and as shown

in Figure 2 and Tables 3, 4, and 5, the properties of each

pair of (£his) proteins are statistically the same.
Lipid-Binding Properties of Apo hA-I and Apo hA-I

lecular masses in kilodaltons are indicated. (B) Western blot analysis \jytants. The lipid-associating ability of apo hA-I proteins

of apo hA-l and apo hA-I variants probed with a polyclonal antibody
to apo hA-l. Lane 1, apo hA-l; lane 2, apo wtAHfis); lane 3,
apoA(1—43)A-1; lane 4, apa\(1—65)A-I(+his); lane 5, apa\ (88—
98)A-I(+his); lane 6, apoA(187—243)A-I(+his); lane 7, apo
A(187—243)A-I; unlabeled lanes; molecular mass standards; mo-
lecular masses in kilodaltons are indicated.

factor Xa is the recombinant protein with a native amino-
terminus, e.g., D-E-P-P-Q (Table 2). However, for apo
A(1—65)A-1(+his) and apoA(88—98)A-I(+his), limited
proteolysis resulted in two and three major fragments,
respectively (Table 2). For apa(1—65)A-I(+his), none

was assessed by two different methods, POPC equilibrium
binding and kinetics of DMPC liposome turbidity clearance.
A POPC vesicular binding assag7) was used to estimate
the lipid-binding free energies for the apo hA-I proteins
(Table 3), a method we have previously applied to Afb—
43)A-1 (25). The lipid-binding free energies are similgr (

< 0.05) for apo hA-l, apo wtA-H-his), apoA(1—43)A-I

(25), and apa\(88—98)A-I(+his). ApoA(1—65)A-I(+his)

has less lipid affinity than apo hA-l and apo wtAH(is),
although the latter was on the border of statistical signifi-

of the fragments contained the expected amino-terminal cance. Apa\(187—243)A-I(zhis) has a significantly lower

sequence, &&V-T-Q-E; instead cleavage sites were identified
at Q32 in helix 5, at As4 in helix 6, and Ey4 in helix 10

[Q132 and B4 are near cleavage sites seen in lipid-free apo
hA-1 (27)]. This suggests the structural arrangement of

affinity.

The rates of association of apo hA-lI proteins were
determined by measuring the rate of clearance of DMPC
liposomal turbidity. Binding to DMPC liposomes results in

helices has been altered such that (1) the engineered cleavage conformational rearrangement of protein and lipid that

site is no longer accessible to proteolytic attack and (2)

disrupts or “solubilizes” the DMPC liposomes, producing

additional cleavage sites have become exposed. For apsmall discoidal micelles. All mutants show slower kinetics

A(88—98)A-I(+his), the engineered amino-terminal site was

accessible for cleavage; however, peptide sequencing indi-

cated two additional cleavages occurred at,@ helix 5
and Ass4in helix 6. It is interesting that these two mutants

have the least stable lipid-free structures by urea unfolding,

than intact apo hA-this) (Table 3), but apa(88—98)A-
I(+his) was seriously deficient and ap®(187—243)A-
I(his) clearance was barely perceptible, as previously
reported for a similar carboxy-terminally truncated apolhA-
(20, 50).

suggesting that their increased susceptibility toward cleavage LCAT Actvation. The ability of the apo hA-I proteins to
at two sites that are susceptible to cleavage in the nativeserve as cofactors for LCAT was determined by measuring

protein may be related to their thermodynamic stability. For

the initial velocity of the LCAT reaction using an egg PC

better comparison among the mutants, all studies were carriedvesicular assay (Figure 2). As performed, the assay does



Lipid-Free Structure of Human apo hA-1 Biochemistry, Vol. 37, No. 34, 19981719

55
50] A
4.5
4.0
3.5 g r.:::z:z:
] e e e 3 |
3.0 2222 =
%25] $EESESS
521 iIEEEE=
© 20
o] HiE
0.5 .
"0 d03 " 0.0o6 0.009 0.0 ' TN 0.0} ' |
0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021 T TRY TRy, YRy rvaaary ey ey o
i (-0.5) . _
Time (seconds) Time (seconds)¢%>
55
) D
50] B >
] (1
4.5 4 r:/.o/
4.0 g:jg»"fo/;
] tzzs
3.5 i35S
B 3'0‘- 3 tsaawm
g 251 =8 R
2 2.0 _/M
1.5]
1.0
0.5 !
_ 0.0
001 , . , . - ' . .
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
Time (seconds) -5 Time (seconds)*-5

Ficure 3: Representative van Holde-Weischet extrapolation plots of (A)&{de-65)A-I(+his), (B) apoA(88—98)A-I(+his), and (C)
apoA(187—243)A-I(+his), and (D) apo hA-I. Plots for apa(187—243)A-I and apaA(1—43)A-1 can be found inZ6). This analysis of

a one-component system indicates multiphealues exist, consistent with an equilibrium of monomeric conformers at low concentrations
(0.1 mg/mL) of the protein (Table 4).

not distinguish between poor lipid binding and the inability dynamic conformational heterogeneity, a phenomenon which

to activate LCAT. Therefore, as anticipated, ap¢l— becomes more pronounced when the ionic strength of the
43)A-1 and apoA(1—65)A-I(+his) had LCAT activation  buffer is lowered [Table 445)]. On the other hand, the
properties more similar to native apo hA-I than apd 87— averagefrictional ratios for all but apa\(88—98)A-I(+his)

243)A-I(%his), which was marginal as a cofactor (consistent remain essentially the same over the range of buffers used
with its reduced lipid affinity). Activation studies using a (Table 4). The van HoldeWeischet profile suggests that
similar carboxy-terminal deletion of apo hA-I indicated that ap0 A(88—98)A-I(+his) exists in many different, intercon-
the carboxy-terminal domain, while affecting the lipid- vertible conformations, with no preference for any one
association properties of the protein, does not affect its grrangement, which is consistent with a very unstable,
intrinsic ability to serve as a cc.)factor.fpr LCATSQ). noncooperative tertiary structure.
Unexpectedly, apa(88—98)A-I(+his) exhibited only 10% . L .
of native apo hA-I activity, a difference which cannot be Assuming a prolate eII|.p50|d'and a hydration of 0.35 g of
explained by a lower affinity for lipid (Table 3). H20/g of protein, the axial ratiosa(o) due to asymmetry
Boundary Sedimentation VelocityThe method of van were estimated (Table_ 4). These ratu_ns mdu:_a?g that_al! apo
Holde and Weischet) was used to analyze sedimentation NA-l monomers are highly asymmetric, exhibiting similar
velocity data obtained for each mutant protein. The experi- average dimensions for all but apg1—65)A-I(+his) (which
mental data are shown in Figure 3 and are summarized iniS €ss asymmetric) and agt(88—98)A-I(+his) (Table 4).
Table 4; similar data for two other mutants, ap(l—43)A-| For all but the exceptions, the data support a dynamic
and apoA(187—243)A-I, were determined previous|2). equilibrium between a four helix bundle and an elongated
The y-intercepts (Figure 3) correspond to infinite time and Mmonomeric helical hairpin (Figure 6). For apg88—98)A-
yield the diffusion-corrected,* of each boundary fraction.  I(+his), the entire range of axial ratios was estimated to be
Frictional ratiosf/fnin andf/fo, were calculated using eqs 3 from 1.0 to>15, however, the higher axial ratioa/ly > 7)
and 4. All proteins but ap@\(1—65)A-I(+his) exhibit a probably represent multimeric aggregates of the mutant
discrete range o$f* values, suggesting the existence of a protein.
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Ficure 4: Urea-induced unfolding of (A) apo hA-I [open circleB5] fluorescence unfolding only, and closed circles], (B) apo wtA-
I(+his) (diamond), (C) apa\(187—243)A-I [open hexagon, dotted lin@§) fluorescence unfolding only] and ap(187—243)A-I(+his)
(closed hexagon, solid line), (D) apq1—43)A-I [square 25) fluorescence unfolding only], (E) apt(1—65)A-I(+his) (triangle), and (F)

apoA(88—98)A-I(+his) (closed circle) monitored by fluorescence emission. The experimental data are normalized to the apparent fraction
of unfolded proteinf,, as a function of urea concentration. Symbols represent unfolding experiments and the solid lines represent two-state
fits through the data for each protein to determine a single set of thermodynamic parameters (Table 5).

No. of Helical AG (kcal/mol) . .
Residues in Lipid Lipid Free| JPd — pcaT Lipid
Free protein Stability Affinity Kinetics
1 44 66 8899 . 187 243
165 | L | | hative apo A-l | | 7.1 " + +
"Helix "1' '3 '8 9 10 +
24
165 4.1 A(1-43)A-1 1 3 4._3 + + _
66 243
A(1-65) A1
108 5 (1269 | 38 [ _ _
1 _ _ 186
123 : A(187-243)A-1 ! 6.3
+ - - = ==
1 8799  A(88-98)A-I 243 2.9
83 ! | — I + - -

Ficure 5: A summation of the helicity, stability, lipid binding and LCAT activation data for each of the deletion mutants compared to apo
hA-I. The various apo hA-I proteins are indicated in the left panel with the respective deletions depicted; helices which have been deleted
are numbered in the linear map of apo hA-I at the top. The number of helical residues based on CD (Table 3) are shown in the first column
(far left panel) and the relative stabilitieAGy,o, of the proteins, calculated from urea-induced unfolding (Table 3) are indicated in the
third column (left panel). The right panel gives the relative results of the proteins ability to bind to POPC vesicles (Table 3), their ability
to activate LCAT (Figure 2), and their ability to break down DMPC multilamellar vesicles into smaller micelles (Table 3), respedtjvely. (
Positive result that is statistically similar to that observed for apo hA=). Result which is statistically lower than apo hA-k )

indicates a negative result.

Spectral Properties of Lipid-Free Apo hA-I Variantsar- toward lower wavelengths are observed for all of the apo
UV (222 nm) circular dichroism was used to compare the hA-I proteins (Table 5). Thus, all of the proteins bind ANS,
relative secondary structures of the lipid-free forms of the presumably to an exposed hydrophobic surface or cédBy (
apo hA-I proteins from which an estimate of the number of As a negative control, no change in fluorescence is associated
a-helical residues was derived (Table 3). Only ap@8— with the addition of ANS to carbonic anhydrasgxat 515
98)A-I(+his) shows a significant decreasenirhelicity which nm), a stabley folded globular protein of similar siZS)
cannot be explained solely by the decrease in number of Measurements of Rersible Equilibrium Unfolding by
amino acid residues. Spectroscopy Denaturation of apo hA-I proteins with urea

When the apolar, fluorescent dye, ANS, binds to apo hA- was monitored using fluorescence emission difference spec-
I, both enhanced fluorescence and a shift in the wavelengthtroscopy. In all cases, the unfolded proteins exhibit lower
of peak emissioni(max) from a maximum at 515 nnb() fluorescence intensities with concomitant red shifts of the
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Ficure 6: Hypothetical structure-based lipid binding mechanism for apo hA-I. (A) Proposed tertiary structural model of lipid-free apo
hA-I, depicting a folded helical bundle adapted from r2ésand27; (B) the elongated monomeric helical hairpin derived from analytical
ultracentrifugation 26, 41). The purple shaded regions represent those deleted in the mutants studied here. Helices are numbered according
to the repeating sequence homolody2). (C) The initial lipid binding step of lipid-free apo hA-I mediated through a largely unfolded and
uncooperative carboxy-terminal domain. Binding of these residues is associated with an increase in the-bebcitly of the protein. (D)

Later intermediate produced following a conformational switch of residueswhich unmasks a latent lipid-binding domain, most likely
represented by the residues of helix 1 (amino acids68). Final products are depicted here as discoidal lipoproteins containing 2 apo
hA-1 molecules. The perpendicular orientation relative to the acyl chains of the lipids is suggested by the crystal structure(bfapo

43)A-1 (24).

Table 1: Amino Acid Compositions and Molecular Masses of Apo As previously performed on apa(1—43)A-I and apo

hA-l and Apo hA-I Mutants A(187—-243)A-Il, a two-state model was used with a global
no. of molecular  extinction fit of all spectral unfolding curves for each proteins yielding
amino mas8  coefficient (exs0) the parameterAGu,o, Mp, and [urea], (Figure 4 and Table
apolipoprotein acids  (kDa) (mL/mg-cm) 5). The experimental values obtained from the urea-induced
apo hA-I 243 28.1 1.13 unfolding of apo hA-I compared to apA(187—243)A-
apo wtA-I(+his) 254 29.6 1.07 I(£his) are not significantly different, suggesting that the
38828:22;?::( this) 21%%3 23232 %%22 carboxy-terminus does not play a major role in the stability
apoA(88—98)A-I(+his) 243 28.3 112 of the protein, as previously reported for the (-his) construct
apoA(187—243)A-I(+his) 199 23.1 1.325 [Table 5 @6)]. However, as reported for apo(1—43)A-I,
apoA(187-243)A-l 188 21.7 1.24 the deletion of the extreme amino-terminus has a profound

#Molecular Mass calculated on the basis of the amino acid effect on the stability of the protein compared to apo wt
compositio_n. See Figure 2 Determined at 280 nrmi8 M guanidine A-I(+his) [AGu,0 = 3.75+ 0.28 kcal/mol and 4.27-0.30
hydrochloride. kcal/mol for apoA(1—65)A-I(+his) and apa\(1—43)A-I,
peak wavelength, indicating an increase in the polarity of respectively]. Interestingly, the additional deletion of helix
the environment surrounding the tryptophans due to the 1 (residues 4465) does not appear to have a major impact
unfolding of the native structure. on the stability of the protein to unfolding relative to apo
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Table 2: Limited Proteolysis of Histidine-Tagged Apo A-l Mutants Using Factor Xa

apoA(1—-65)A-I(+his) apoA(88—98)A-I(+his) apoA(187—243)A-I(+his) apo WtA-I(t+his)
Mwa protein sequenée Mwa protein sequenée Mwa protein sequenée Mwa protein sequenée
22.F (M-11-R-1)Psg-Qz4 27.8 (M-1-R-1)D1-Qa4d 22.5 (M-11-R-1)D1-Gass 29.2 (M-11-R-1)D1-Q243
9.3 (M-11-R-1)Pss-Raa® 26.8 D1-Qasd 21.%8 D1-Gisgs 28.1 Di-Qza3
8.2 AussLoos 15.2 (M-11-R-1)D1-Rys4
12.5 (M-11-R-1)Ds-L 1o

aMolecular Mass of the peptide expressed in kilodaltériEhe sequence of resultant peptide after cleavage with Factor Xa as determined from
N-terminal sequencing and molecular m&sBhis represents the native protein sequence before clea¥Sgguence in parentheses represents the
histidine-tag and the Factor Xa cleavage sequehthis represents the native protein sequence after clealbigéive sequence does not include
residues 8898.

Table 3: Lipid-Binding Properties and Helicity of Apo hA-I and Apo hA-I Amino-Terminal Variants

AG of binding? DMPC clearance % helical
apolipoprotein (kcal/mol) Kij2 (Min™1) o-helix? ad
apo hA-| —5.13+0.14 0.89+ 0.12 68+ 4 165
apo WtA-I(+his) —4.78+0.13' 0.690- 0.034' nd nd
apoA(1—43)A-l —4.82+ 0.09' 0.40 6845 165
apoA(88—98)A-I(+his) —5.08+ 0.08e 0.1054 0.008 34+2 83
apoA(1—65)A-I(+his) —4.514+0.2%h 0.488-+ 0.016 57+ 4 108
apoA(187—-243)A-I(+his) —4.3340.159 0.0274 0.0089 62+ 4 123
apoA(187—-243)A-I —4.2640.129 0.0429 82+ 2 127

a AG of binding to POPC vesicles was calculated by eq 2 in the Experimental ProcetiBegsent helix was estimated by the method of Chen
et al. @7). ¢ The number of helical amino acids (aa) in the protein are estimated by multiplying the fractional helicity by the number of residues
in the protein (see Table 19 A Student’st-test indicates the values for native apo hA-I and recombinant protein are statistically thepsame (
0.05).¢ A Student’st-test indicates the values for apo wtAHIis) and the amino-terminal mutants indicated are statistically the gamed(05).
f A Student'st-test indicates the values for apo wtA#lis) and the mutants indicated are statistically not the same@.05).9 A Student’st-test
indicates the values for aph(187—243)A-I(+his) are statistically the same < 0.05)." The lowerAG compared to ap@\(1—43)A-l and apo
wtA-I(+his) is on the border of statistical significancepat: 0.05. Standard deviations are reported where at least two different experiments were
performed; up to four experiments and up to three preparations of each protein were used in these experiments.

Table 4: Sedimentation Velocity Properties of Apo hA-l and the Amino-Terminal Apo hA-I Mutants

apolipoprotein/MW 0° S0 min flfo a/bb molecular dimensions (nm)a2x 2b
apo hA-| 0.735  2.06:0.23 1.58 1.39 7.2
28 303 (2.49-1.3F  (2.18-1.10 16.8x 2.4n
1.58 1.39
2.04+0.09 (1.751.51¢  (1.54-1.32Y 7.2
apoA(1—65)A-I(+his) 0.738  2.240.17 1.24 1.09 3a
22249 2.12+0.03  (1.52-1.15f  (1.33-1.01y 9.0x 2.9
1.29 1.13 34
(1.34-1.24y  (1.17-1.09%
apoA(88—98)A-I(+his) 0.734 2.42+0.62 (4.42-1.12F (3.92-1.0y range of range of (4.6& 4.6
28 314 2.18£0.68  (4.41-1.14% (3.87-1.0¢ 1.0-6.2 (13.4x 2.2p
apoA(187—243)A-I(+his)  0.731  1.9H 0.09 151 1.32 62
23073 (1.83-1.42F  (1.61—1.25F 14.2x 2.4
1.94+0.06 1.48 13 69
(1.65-1.40f  (1.45-1.23}
apoA(1—43)A-| 0.738  1.76+0.29 1.54 1.35 6.8 156 2.3
23353 (2.33-1.06F  (2.04-0.93F
2.06+£0.13 1.58 1.37 7.0
(1.38-1.08f  (1.21-0.95}
apoA(187—243)A-I 0.731 1.69 0.25 1.54 1.35 6.8
21601 (1.96-1.28F  (1.71-1.12F 15.0x 2.22
1.78+0.20 1.54 1.35 6.8

(1.90-1.31y  (1.67-1.15Y

aThe averageyoy value+ the standard deviation from two to five experiments in which the ionic strength of the buffer was Vartezlaxial
ratio calculated43) for apo hA-I and the mutants based on fffg assuming a prolate ellipsoid1, 60). ¢ The range of values calculated for the
proteins in a low ionic strength buffet The range of values calculated for the proteins in a high ionic strength beifaiculated using UltraScan
data analysis software package developed by B. Demeler based on Cohr6#&}t &lTlgis result is identical to the dimensions cited by Barbeau et
al. (41). 9 The dimensions for apa(88—98)A-I(+his) have no major species and vary depending oratheatio. Accordingly, no average was
calculated (see Figure 3; panel B)These values are reported for comparisa).(

A(1—43)A-1. Significant structural instability was also DISCUSSION

observed with apoA(88—98)A-I(+his). Although this

mutant contains an intact extreme amino-terminus, the Our focus has been to study the lipid-free structure of apo
observedAGy,0 was only 2.94+ 0.21 kcal/mol, less than  hA-l using deletion mutants to define how particular
half of the value obtained for apo hA-I. structural elements, the amphipathiehelical segments,
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Table 5: Thermodynamic Parameters of Folding for Apo hA-I and Apo hA-I Variants

apolipoprotein AG,0 (kcal/ mol) mp (kcal moft M) [urea. (M) relative fluorescence intensity

apo hA-| 7.07+ 0.6% 2.57+0.24 2.7 1.0

apo WtA-I(+his) 7.87+ 1.8F 2.96+ 0.67 2.7 1.47
apoA(1—65)A-I(+his) 3.75+ 0.28 2.70+0.20 1.4 1.88
apoA(88—98)A-I(+his) 2.944 0.2 1.7440.12 1.7 0.73
apoA(187—243)A-I(+his) 6.82+ 0.63 2.52+0.23 2.7 0.53
apoA(1—43)A-I 4.27+0.30! 2.33+£0.16 1.84 2.79
apoA(187—243)A-| 6.264 0.29 2.43+0.17 2.6 0.53

a2 ANS binding fluorescence intensities have been normalized to previously reporte@@atadne possible explanation for the differences in
ANS binding between apo hA-I and apo wtAHKis) is electrostatic interactions between ANS and the 6x-his-tag of apo wiAid). Tryptophan
8 is near the amino-terminal his tag and may form the nidus of a hydrophobic pocket for ANS association. This proposal is consistent with the
pretransition observed in the urea-induced unfolding of apo witAHis observed by intrinsic fluorescence difference spectroscopy (see Figure 4).
¢ A Student'st-test indicates these values for native apo hA-I and the indicated recombinant proteins are statistically the sa@5).¢ A
Student’st-test indicates these values for ap¢l—43)A-I and apoA(1—65)A-I(+his) are statistically the same (< 0.05) but are statistically
different from apo hA-l and apo wtA-this) (p > 0.05).¢ A Student'st-test indicates this value is statistically different from apo hA-I and apo
wtA-1(+his) (o > 0.05).7 A Student'st-test indicates these values for native apo hA-I and the indicated recombinant proteins are statistically the
same [p < 0.05).9 A Student’st-test indicates this value is statistically different from apo hA-I and apo wiAig) (p > 0.05).

serve specific functional roles in the mechanism(s) for lipid tive structure. In addition, the decrease in ANS binding
binding. Previously, we showed that the amino-terminal 43 supports a highly unstable structure, more similar to an
residues, but not the carboxy-terminal 56 residues, areunfolded protein rather than the highly plastic nature associ-

important for maintaining the structural integrity of the lipid-
free protein and used this information, along with limited
proteolysis data, to propose a structural model of lipid-free
apo hA-l1 25—27). Inthe present paper, we report the results
of studies on several additional mutants, particularly the
amino-terminal deletion mutants apg1—65)A-I(+his) and
apo A(88—98)A-I(+his), to further define the lipid-free
structure of apo hA-1 and to identify those regions important
for function, as determined by lipid binding and LCAT
activation (a summary of experimental results is shown in
Figure 5).

Lipid-Free Structures of Apo hA-I MutantaVhile little

ated with apo hA-I. Taken together, these results suggest
that helix 3 is required for directing and/or orienting the
native folding pattern and helical associations of apo hA-I.
All deletion mutants so far studied are shown here to be
highly asymmetric in solution and to exist in a dynamic
equilibrium of conformers, consisting of at least three average
conformational states, two of which are represented in Figure
6 for apo hA-I: (1) a globular helical bundle with average
dimensions of 9 nnx 2.9 nm (species A, Figure 6), (2) an
elongated monomeric helical hairpin with average dimen-
sions of 16 nmx 2.4 nm (species B, Figure 6), and (3)
multimeric aggregates (not shown). Ap&(88—98)A-

difference has been observed between the lipid-free structures(+his) may possess additional conformations, due to its

of apo hA-I and apoA(187—243)A-I(xhis) (25, 26),

highly unstable structure. The range of conformers identified

substantial differences in conformation are observed for the by analytical ultracentrifugation represents a highly plastic

amino-terminal deletion mutants apg1—43)A-1, apoA(1—
65)A-I(+his), and apa\(88—98)A-I(+his). We have sug-

apo hA-I molecule, which is consistent with its role in lipid
binding and may be relevant to the diversity of function

gested previously that the extreme amino-terminus (residuesascribed to it.
1-43) serves as a necessary structural component in the Apo A(88—98)A-I(+his) is the first apo hA-1 mutant

lipid-free conformation of apo hA-125—27).

representing the deletion of internal residues for which a

Further truncation of the amino-terminal region through dramatic effect on structure has been reported. It is not
residue 65 seems to leave the remaining structure in a similarsurprising that a deletion of as little as 11 residues would
conformation to that of apa(1—43)A-1, based on most of  result in a major structural alteration if the residues are part
the properties studied here with the exception of the of the core-folded structure rather than an external loop. This
sedimentation velocity results. Interestingly, the latter studies result contrasts with three separate internal deletions of 43

suggest that apa\(1—65)A-I(+his) does not exhibit the
conformational dynamics of the other proteins, but exists in
predominantly a single conformer with intermediate asym-

residues, respectively, representing deletion of helices 4
5, 5+ 6, and 6+ 7 (collectively encompassing residues
100-186), which had little effect on the helicity and

metry. The decrease in the number of helical residues for thermodynamic stability of the lipid-free statig].

this mutant (Table 5) directly corresponds to the deletion of
residues 44 through 65, while ANS binding an®,o are
more similar to the values exhibited by apgl1—43)A-I.
Thus, we conclude that loss of helix 1 (residues-88),
beyond the loss of residues-43, results in only a small
further perturbation of the lipid-free structure.

Lipid-Binding Properties of Apo hA-l MutantsThe
similarity in physical and spectral properties seen for lipid-
free apoA(1—65)A-I(+his) and apa\(1—43)A-1 is carried
over to similar, lipid-binding and LCAT activation properties.
The small decrease in POPC binding observed fors{ie-
65)A-I(+his) relative to apa\(1—43)A-1 may be explained

Apo A(88—98)A-I(+his), which contains an intact extreme by the loss of a small region of the protein with high lipid-
amino-terminus, shows dramatic decreases not only in thebinding affinity. Studies with synthetic peptides indicate that,
stability of the molecule, but also in the helicity (a 5% loss of the 10 putative amphipathic helices, helices 1 (residues
in the number of amino acids due to the deletion compared 44—65) and 10 (226-241) have the highest affinity for lipid
to a 50% loss imx-helicity). These results indicate that apo (54) and our studies on the amino- and carboxy-terminal
A(88—98)A-I(+his) has a largely unfolded and uncoopera- deletion mutants support the importance of their role in the
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lipid affinity of intact apo hA-I (L5, 18, 20, 50, 55). proposed for two other apolipoproteins; apolipoprotei® (
Apo A(88—98)A-I(+his) contains both helices 1 and 10 and apolipophorin I11%7, 58) as well as a synthetic peptide

and has native-like lipid affinity. However, the dramatic loss from apo hA-I [residues 122187 §9)]. Further studies with

in secondary structure and thermodynamic stability of the other mutants should provide additional details to this model.

lipid-free state seems to be reflected in a reduced ability to

solubilize DMPC. Also, a decrease in LCAT activation is ACKNOWLEDGMENT

observed that may be due to a structural alteration of the

lipid-bound state. The ability of this mutant to bind POPC

is the first direct experimental evidence that a cooperative

and stable structure is not necessary for lipid affinity, but REFERENCES

apparentlyis necessary for both DMPC solubilization and

LCAT activation. These apolipoproteins must undergo a
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